Abstract. During the past decade we have demonstrated that coupled nonlinear systems (oscillator arrays) can offer simple methods for phase control in microwave antenna arrays, and hence provides alternatives to conventional electronic beam scanning capability. Numerous experiments have been carried out at microwave frequencies to verify the analysis, and the experimental work proved valuable in guiding parallel theoretical efforts and demonstrating the advantages and limitations of such techniques for practical systems. During the course of this work, models have been developed and refined and used to explore new dynamical phenomena, such as "mode-locked" quasi-periodic states for pulse generation, phase noise reduction in oscillator array systems (verified experimentally at X-band), and other practical design issues. More recently, efforts have focused on the potential for coupled phase-locked-loop systems that promise more robust locking bandwidths and phase-control. We present an overview of our experimental efforts in exploiting the synchronization of oscillating systems for microwave antennas and RF electronics.
INTRODUCTION
Injection-locking and Phase-Locked-Loop techniques have been used to achieve synchronous operation of a number of integrated antenna oscillator elements. In addition to achieving phase coherence for power combining purposes, it has been found that such techniques also allow for the manipulation of the phase distribution without additional phase-shifting circuitry, suggesting a potential for low-cost beam scanning systems.
We review recent progress in microwave phased arrays exploiting nonlinear synchronization phenomena. Two main types of arrays are considered: coupled oscillator arrays (COAs) and coupled phase-locked loop arrays (CPLLAs). COAs have been most widely explored but are limited by a small locking bandwidth, amplitude fluctuations, and practical difficulties of creating matched oscillators. CPLLAs offer larger locking range and amplitude-independent phase relationships. Both approaches can be configured for phase-shifterless beam scanning and noise reduction. Array modeling and consequences of unit cell design and coupling schemes at microwave frequencies are discussed. In COAs, studies using simple models were able to predict observed chaotic patterns and the transient phase evolution. Recently, in CPLLAs the addition of a loop time delay enhanced the model of the single PLL far enough to predict the lower and upper boundaries for the loop gain. Additionally, the length of the coupling line together with the sign of the IF loop gain was proved to be an important factor in the transient and the steady-state phase distribution. Both types of arrays display interesting properties that future research and development may exploit for practical applications.
II. COUPLED OSCILLATOR ARRAYS
The single cell used in coupled oscillator analysis is composed of an amplitude dependent negative conductance G D , an LC resonant tank, a resistive load G L , a noise admittance and an injection source, as in fig. 1 . Usually in practice the variable capacitor controls of the oscillation frequency of the VCO. This simple parallel model is commonly used to derive the COAs' properties [1] - [4] . An equivalent series model can also be used, for which current and voltages can be interchanged to obtain analogous equations [5] . Refinements to this model may be necessary to explain certain observed behavior [6] at the expense of analytical convenience. Using basic circuit theory and with the assumptions of small phase and amplitude variations compared to the free running frequencies, the characteristic equations for the injection phenomenon of the single cell are:
where: A, A inj , φ and ψ are the amplitudes and phases of the oscillator and the injection source respectively; ω 0 and ω inj are the oscillator's free-running and injection source's frequencies. α, µ and Q are the free-running amplitude, the non-linear factor (from the device admittance) and the quality factor of the oscillator. The phase equation in (1) is referred to as Adler's equation [7] in the microwave literature, and predicts an interesting result: the phase difference between the injected signal and the oscillator is a function of the relative detunings, according to the equation: Several unit cells can be embedded in a coupling network to achieve the synchronization of an array of oscillators. Usually at high frequencies the nearestneighbor coupling is most convenient to realize with the use of transmission lines that have broadband properties [4] . In this case the system is governed by the equations, for i = 1…N:
where ε ij and Φ ij are the coupling strengths and phases between neighbors, respectively. Of interest is the influence of the natural frequency distribution and of the coupling strength and phase on the array operation. Several behaviors can occur as function of the coupling strength. When there is no coupling 0 ij ε = the single cells oscillate at their free-running frequencies ω i with their free-running amplitudes α i . When the coupling is weak 1 ij ε , we can assume [5] that only the phase dynamics will be relevant and approximately described by:
In steady state, assuming identical ε ij , Φ ij and α i , from (4) it can be shown [8] that a constant stable phase distribution along the array can be easily achieved when the freerunning frequencies are within the locking range 0 / 2
The coupling phase Φ affects the lock frequency and the stable phase range. For example, if the coupling phase is an even multiple of π, the free-running frequencies of the inner elements are the same and the ones of the end elements are diametrically shifted within the locking range, the phase difference ranges between ±90°, giving the possibility of a phase-shifterless broadside beam scanning. Conversely, if the coupling phase is an odd multiple of π, the phase difference will range from 0° to 180°, giving an endfire radiating array. It has been found [9] that this property depends on the model most appropriate to describe the unit cell. In the case of a series model, the relation between Φ and the beam type are reversed.
These results have being recently confirmed by a different theoretical approach, based on the transformation of the set of discrete equations into a single, approximate, continuum partial differential equation [10] , [11] :
where V describes the free-running frequency distribution, t is the time multiplied by the locking range . This equation can be solved by linear methods, and provided insight on the transient evolution of the phase ( Figure 3 ) and thus the radiation pattern ( Figure 4 ) for edge detuning. The array has a setting time proportional to the square of the array length inversely proportional to the locking range. Thus a larger array needs a larger locking range in order to work properly.
If we consider the COAs free-running distribution spread outside the limits of the locking range, more complex behavior will occur as a function of the coupling strength. As the coupling parameter reduces its amplitude, the systems goes continuously from phase-locked to mode-locked to quasi-periodic and finally to chaos below a critical coupling strength, as shown in Figure 5 . A more detailed analysis of such dependence can be found in [12] . To obtain the "mode-locked" operation, the natural frequencies must be initially adjusted for approximately equal separation in frequency. The system can lock in this state, but this is usually a sensitive and difficult task [13] . Additionally, increasing the number of sources reduces the pulse width, but also makes the system more unstable and sensitive to device variations [14] . The coupling phase also plays a significant role as the different outputs adds up to form the pulse with a phase determined by the coupling [15] .
The noise properties of COAs can be derived from the model presented in Figure 1 . It can be shown that in all injection-locked arrays the near-carrier noise properties are governed primarily by the reference master signal, even if the oscillators themselves are quite noisy. The phase noise of free-running arrays is also shown to decrease as 1/N, where N is the number of oscillators in the system. This has been confirmed experimentally. As shown in Figure 6 the array tracks external injection signals near carrier and returns to free-running noise far from carrier.
In practical COAs, the reduced locking range and the inevitable parasitic effects are often limiting factors in modulation performance and scan control. Moreover sidelobes increase caused by amplitude variations correlated to phase changes has been often observed in practical systems. Coupled amplitude-phase dynamics and inappropriate unit cell models are most probably the sources of such problems. To overcome these issues while trying to maintain the interesting feature of low-cost beam scanning and phase noise, recent research focused on coupled phase-locked loop arrays, first proposed by Martinez and Compton [18] . 
II. COUPLED PHASE-LOCKED LOOP ARRAYS
A simple PLL circuit is shown in fig. 7 . Like injection-locked oscillators, a PLL also has the property that the phase of the oscillator can be changed relative to a reference input RF signal by adjusting a DC Offset added in the feedback loop as shown. In steady state the phase difference behaves as in the phase injection phenomenon, but shifted of 90° ( Figure 7 ). This occurs because the the center of the stability range occurs when the two input signals to the phase-detector are in quadrature. This is solved by addition of a π/2 transmission line at the input of the phase detector. The phase dynamics of the PLL unit cell are given by
is the loop gain. Without considering filters and delays in the feedback loop, we can see from the resulting characteristic equation (6) that there is no fluctuating amplitude involved in the phase evolution. In addition the locking range is determined by the loop gain, a parameter easily controlled. Finally it is known that PLLs have lower phase noise than their open loop oscillators and the feedback loop reduces the sensibility to component tolerances. These observations suggested that CPLLAs were attractive for beam scanning with large bandwidth modulation. The coupling scheme in Figure 8 ensures the same phase dynamics as COAs if the loops have no delay, the filters are not present and the phase detector has a sinusoidal response to phase differences. When a filter loop is taken into account, higher order derivatives show up in the dynamic equation of the array. Understanding the behavior of two coupled loops helps us understand how to build larger arrays. In the case of two coupled PLLs the phase equation becomes [19] :
where ∆φ is the phase difference, ∆ω is the frequency detuning, G is the loop gain and τ p and τ z are the filter zero and pole constants.
From (7) we can solve for the "hold-in" range, Ω h , the range of frequencys within which the oscillators remain locked. This is h 2G Ω = (8) This (7) predicts that the hold-in or locking range can be increased without limit by increasing the loop gain. However, in real systems increasing the gain eventually brings the system to unlock. To be able to account for this phenomenon, a delay must be introduced in the feedback loop. In this case, the solution of (7) presents a bifurcation, and a gain increase after the bifurcation causes also an increase of the acquisition time ( Figure 9 ). Further increase of the gain eventually leads to unstable negative solutions. Thus we can now define a range for the loop gain from the optimal gain to the critical gain. This range is strongly dependent from the delay value. In a well designed and fully integrated PLL, the effect of this delay can be made negligible. In a discrete PLL, it limits the max gain loop and thus the locking range.
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Critical Gain Critical Gain FIGURE 9. Optimal gain and critical gain limit the value of the loop gain, when introducing a delay and a filter in the PLL feedback. The nearest-neighbor coupling scheme is experimentally convenient and allows for the implementation of COA-like phase dynamics. As with COAs, the coupling phase plays an important role, along with the sign of the loop gain, in determining where the 180° phase difference range will be centered. For example, to obtain a broadside beam, the PLLs must have negative loops and π/2 coupling lines or positive loops and 3π/2 coupling lines ( fig. 10) . Furthermore, as intuition suggests, a longer coupling line increases the delay associated with the phase information and thus slows the phaselocking process along the array. The CPLLAs with the delay line are also intrinsically asymmetric, and this creates a phase asymmetry as shown in Figure 11 . A five element CPLLA at 2.45GHz was build and the beam scanning ability by edge detuning has being experimentally verified, as shown in Figure 12 In conclusion the recent studies on CPLLAs have shown some promise and limitations. The corrections applied to the models improved our understanding of these systems, and practically they are more reliable and predictable than COAs.
